Introduction
============

B-cell receptor (BCR) signaling governs cellular homeostasis throughout all stages of mature B-cell differentiation. Naive, antigen-inexperienced cells, which constitute the majority of the mature B-cell pool, require low levels of tonic BCR signaling for their survival,^[@bib1]^ while antigen-induced BCR signaling, in the presence of cytokine and co-receptor signaling, initiates a cascade of B-cell activation, clonal expansion, and subsequent memory and plasma cell formation.^[@bib2]^ The sequence of intracellular events following BCR engagement in normal B cells has been extensively investigated over the last 20 years. Cross-linking of surface immunoglobulins induces tyrosine phosphorylation of the immunoreceptor tyrosine-based activation motifs of Igα and Igβ by Src family kinases (SFK), which recruit and activate the spleen tyrosine kinase (SYK), which in turn mediates the activation of Bruton\'s tyrosine kinase (BTK), the adapter B-cell linker protein (BLNK), and the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/ protein kinase B (AKT) axis, among other G-proteins, phosphatases and lipid hydrolases. This cascade of proximal events results in the formation of a multi-protein signaling complex, known as the BCR signalosome, whose ultimate effector is phospholipase C-gamma-2 (PLCγ2), a fundamental molecule for the activation of downstream protein targets, including extracellular-signal-regulated kinase (ERK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}).^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7]^ The presence of aberrant BCR signaling has long been established as a key feature of B-cell lymphomagenesis.^[@bib8]^ Specifically, the phenomenon of chronic active BCR signaling has been evidenced by skewed immunoglobulin heavy chain variable region (IGHV) segment usage, BCR upregulation and preclustering, signaling molecule mutations and strong BCR-related transcriptome and phosphorylation signatures.^[@bib8],\ [@bib9]^ Aspects of it have been demonstrated in the context of multiple immunoglobulin M (IgM)+ B-cell non-Hodgkin\'s lymphoma subtypes, yet more consistently in activated B-cell like diffuse large B-cell lymphoma^[@bib10],\ [@bib11]^ and chronic lymphocytic leukemia (CLL).^[@bib12],\ [@bib13]^

Waldenström\'s macroglobulinemia (WM) is an indolent B-cell non-Hodgkin\'s lymphoma characterized by the accumulation of IgM-secreting clonal lymphoplasmacytic cells in the bone marrow and extramedullary sites.^[@bib14]^ After an extensive characterization of the genomic landscape in WM, MYD88 L265P (\>90% of cases) and CXCR4-WHIM (warts, hypogammaglobulinemia, Infections, myelokathexis)-like mutations (\~27% of cases) have emerged as the pathologic hallmarks of the disease, demonstrating the significance of these two signaling axes in the pathobiology of WM.^[@bib15],\ [@bib16],\ [@bib17]^ BCR-signaling-associated mutations occur less frequently, and are restricted to the CD79A and CD79B genes, in approximately 15% of WM cases.^[@bib16],\ [@bib18]^ The strongest evidence for BCR utilization in WM, stems from IGHV studies, which demonstrate a high mutational load and skewed repertoire, suggesting past *in vivo* activation of the pathway.^[@bib19],\ [@bib20],\ [@bib21]^ SYK and BTK inhibition have been shown to have tumoricidal effects in pre-clinical studies focused on WM cell lines,^[@bib22],\ [@bib23]^ while targeting BTK with ibrutinib in the recently completed clinical trial NCT0161482 generated overall response rates of 90.5% among refractory/relapsed patients.^[@bib24]^ Nevertheless, considering that both SYK and BTK are elements of multiple signaling pathways, including toll-like receptors (TLR), chemokine receptors, integrins and Fc receptors, the role of BCR signaling and its net contribution in WM remains ill-defined.

To comprehend the activity of the BCR network in primary WM cells, we interrogated multiple BCR-related phosphoproteins in a resting and *ex vivo* stimulated state, utilizing multiparametric phosphoflow cytometry, which allows the precise quantification of multiple signaling events at a single-cell level.^[@bib25],\ [@bib26]^ We evaluated aspects of network remodeling in WM cells, compared with physiological BCR signaling, examined the potency of *in vitro* and *in vivo* proximal kinase inhibition, and evaluated upregulated presentation of surface IgM (sIgM) and decreased phosphatase activity as key elements that shape aberrant BCR signaling. Moreover, by using patient-specific phosphosignatures we were able to identify distinct subgroups with clinical significance, elucidating the dependence of different disease states on BCR utilization.

Methods
=======

Patients and sample processing
------------------------------

We utilized primary samples from 32 WM patients who had previously signed informed consent to have their sample used for research purposes, in accordance with the Declaration of Helsinki and approval by the Memorial Sloan Kettering Cancer Center, Institutional Review Board. The clinical characteristics of all patients are described in [Table 1](#tbl1){ref-type="table"}. Matched pre- and post-treatment samples from eight patients enrolled in the clinical trial NCT01614821 for ibrutinib in WM (clinicaltrials.gov) were utilized, and their response characteristics are summarized on [Table 2](#tbl2){ref-type="table"}. All eight patients carried the MYD88 L265P mutation, whereas four of them additionally carried CXCR4-WHIM-like S338X mutations, as assessed by allele-specific polymerase chain reaction, for the purposes of the clinical trial. Mononuclear cells were isolated from WM bone marrows and in three cases from a lymph node, pleural fluid and peripheral blood with significant clonal involvement. As a control mononuclear cells were obtained from the peripheral blood and bone marrow of healthy donors (HDs). Mononuclear cells isolation was performed using density gradient centrifugation (Ficoll-Paque Plus; GE Healthcare, Pittsburgh, PA, USA) and cryopreserved in freezing medium (90% fetal bovine serum and 10% dimethyl sulfoxide) in liquid nitrogen. For all signaling experiments, mononuclear cells were thawed and washed in pre-warmed complete medium (Roswell Park memorial Institute, 10% fetal bovine serum, 2% [l]{.smallcaps}-glutamine, 1% penicilin--streptomycin). After washing, mononuclear cells were resuspended in concentrations up to 10^7^ cells/ml, and allowed to rest at 37 °C for 2 h in complete medium. The resting period of 2 h was chosen on the basis that it allowed enhanced *ex vivo* phosphoresponses, compared with minimally rested cells, as shown by previous human BCR stimulation studies published by our group and others.^[@bib27],\ [@bib28]^

Stimulation protocol and reagents
---------------------------------

After the resting period, mononuclear cells were stained in phosphate-buffered saline (PBS) with a LIVE/DEAD fixable yellow dead cell stain (Life Technologies, Carlsbad, CA, USA) for 30 min, followed by resuspension in complete medium and splitting in a U-bottom 96-well plate. BCR signaling was examined at basal state and after sIgM cross-linking by goat polyclonal anti-IgM F(ab′)~2~ fragments (Life Technologies) at 37 °C. For maximal phosphorylation induction, sIgM was cross-linked in the presence of 3.3 m[M]{.smallcaps} hydrogen peroxide---H~2~O~2~ (Sigma Aldrich, St Louis, MO, USA), as previously described.^[@bib6]^ Cells were stimulated with 10 μg/ml anti-IgM F(ab′)~2~ for 4 min while dose-response and time-course experiments were also performed. For *in vitro* signaling inhibition experiments, preinhibition was performed with the small molecules Src inhibitor dasatinib (Cell Signaling Technology), SYK inhibitor tamatinib-R406 (Selleckchem, Houston, TX, USA) and BTK inhibitor ibrutinib-PCI32765 (Selleckchem). After stimulation, signaling propagation was stopped with the addition of pre-warmed paraformaldehyde solution, 4% in PBS (Affymetrix, Santa Clara, CA, USA; USB Corporation). Cells were fixed for 10 min at 37 °C, washed with PBS and subsequently permeabilized with cold methanol at −20 °C. Samples were stored at −20 °C until the staining step, for no longer than 48 h. Post permeabilization, cells were washed twice with PBS+0.5% bovine serum albumin and stained anti-surface and anti-phosphoprotein antibodies for 30 min at room temperature. Anti-CD20---PerCP-Cy5.5, clone H1 (BD Biosciences, San Jose, CA, USA), anti-kappa---Alexa Fluor 700, clone G20-193 (BD Biosciences) and anti-lambda---BV421, clone JDC-12 (BD Biosciences) were utilized as surface markers, and clonal WM cells were detected based on CD20 expression and light chain restriction. Patients with no detectable clonal involvement by flow cytometry were excluded from this study. Although the normal counterpart of WM cells is still a subject of speculation, it belongs to a mature IgM+ B-cell, of either post-germinal center or marginal-zone-like origin. HD CD20+ circulating B-cells, which are in their vast majority IgM+ mature cells, served as the best healthy control for the purposes of our study. As an additional control we interrogated normal bone marrow CD20+CD10- mature B-cells and CD138+ plasma cells; CD10---APC, clone HI10a, CD138---Brilliant Violet 711, clone (BD Biosciences). Additional surface markers used included anti-human anti-IgM F(ab′)~2~---FITC (Invitrogen Biosource, Carlsbad, CA, USA), anti-IgM---Brillian Violet 650 (BD Biosciences), clone MHM-88, anti-CD22---APC, clone S-HCL-1 (BD Biosciences) and anti-CD45---APC-H7, CLONE 2D1 (BD Biosciences). Anti-pSFK/pLCK(Y505)---Alexa Fluor 647, clone 4/LCK-Y505, anti-pSYK(Y348)---PE, clone I120-722, anti-pBTK(Y551)/Itk(Y511)---PE, clone24a/BTK(Y551) anti-pBLNK(Y84)---Alexa Fluor 647, clone J117-1278, anti-pPLCγ2(Y759)---Alexa Fluor 488, clone K86-689.37 and anti-pAKT(S473)---Alexa Fluor 647, clone M89-61, were from BD Biosciences, whereas ppERK1/2(T202/Y204)---Alexa Fluor 488, clone E10, and pNF-κB/p65(S536)---PE, clone 93H1, were from Cell Signaling Technology. SHP-1 and SHIP-1 staining was performed with primary anti-SHP-1, clone C14H6 and anti-SHIP-1, clone C40G9, both from Cell Signaling Technology and subsequent staining with a secondary goat anti-rabbit antibody-Pacific-Blue conjugate (ThermoFisher Scientific, Waltham, MA, USA). For total protein staining we fixed and permeabilized mononuclear cells as described for phosphoflow experiments. We utilized the preconjugated antibodies: anti-SYK---FITC, clone 4D10, anti-Src---PE, clone MOL 171, anti-BTK-Alexa647, clone 53/BTK, anti-PLCγ2-Alexa647, clone K86-1161, anti-BLNK-Alexa488, clone 2B11, anti-AKT-PE, clone 55/PKBa/Akt (all from BD Biosciences). For total ERK and NF-KB detection we used primary purified anti-ERK1/2 (polyclonal) and anti- NF-KB, clone D14E12, both from Cell Signaling Technology and subsequent staining with a secondary goat anti-rabbit antibody Pacific-Blue conjugate (ThermoFisher Scientific). A summary of the stimulation protocol and phosflow staining panel is schematically summarized in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}. In all experiments, samples were acquired within 2 h after staining, in a BD LSR II flow cytometer.

Statistical analysis of phosphoflow cytometry data
--------------------------------------------------

Signaling analysis was performed in Cytobank (Mountain View, CA, USA) and FlowJo 9.7.6 softwares (Ashland, OR, USA). In brief, *ex vivo*-induced phosphorylation was defined as the fold change of phosphoprotein median fluorescence intensity in stimulated cells compared with unstimulated cells utilizing the hyperbolic sine (arcsinh) scale, which allows the comparison of negative values, often generated in BD LSR II machines after spectral compensation, and corrects large variations in fluorochromes.^[@bib27]^ Basal phosphorylation was quantified as the arcsinh fold difference of malignant and HD B-cells from a healthy-donor sample, which was excluded from further statistical analyses. Through this normalization method we were able to limit variations occurring between different flow cytometry acquisitions and also sustain the same quantification scale in both basal and induced signaling. Detailed description of statistical analysis is described in all figure legends. Unsupervised clustering analysis of phosphosignatures was performed by Ward\'s method and implemented in the R statistical computing environment. More specifically, the dissimilarity between patient and HD pairs was measured by the euclidean distance of the average phosphoprotein response measurements using R\'s 'dist\' function. The dissimilarity matrix was clustered according to Ward\'s variance minimization (ward.D) using R\'s 'hclust\' function. We then transformed the 'hclust\' output using the 'as.dendrogram\' function and reordered according to the average phsopho-protein response. The data and analysis are displayed as a heat map and dendrogram using R\'s 'heatmap.2\'.

Cell survival analysis
----------------------

WM mononuclear cells derived from samples with \>70% tumor involvement were seeded in 96-well plates in a density of 10^5^ cells/well and treated with 0.05---10 μ[M]{.smallcaps} dasatinib, tamatinib, ibrutinib or dimethyl sulfoxide for 24 h at 37 °C. Apoptosis was assessed using Annexin-V (BD Biosciences) and 4,6-diamidino-2-phenylindole co-staining to detect early and late apoptotic cells.

Immunohistochemistry
--------------------

Formalin-fixed, paraffin-embedded bone marrow sections from nine WM patients were recruited from the pathology archives and stained for pSYK (Tyr525/526) and clone C87C1 (Cell Signaling Technology). Staining was performed with the Bond Max Autostainer (Leica Biosystems, Buffalo Grove, IL, USA). Tyramide signal amplification (TSA) technology was applied to unmask dim SYK phosphorylation. Pictures were taken on an Axioplan 2 microscope (Zeiss Microscopy, Jena, Germany).

Real-time polymerase chain reaction
-----------------------------------

IgM+ cells were isolated from WM and HD samples through magnetic cell sorting with anti-human IgM microbeads (Miltenyi Biotec, Auburn, CA, USA) and stored in Trizol at −80 °C. RNA was extracted as per the manufacturer\'s protocol. complementary DNA was synthesized with the SuperScript VILO kit (Invitrogen Biosource). μ-chain messenger RNA (mRNA) was quantified using the following primer set: 5′- CGTGTCCGAAGAGGAATGG- 3′, 5′-AGAGGCTCAGGAGGAAGAGG-3′, which specifically amplifies surface μ-chain transcripts. Real-time quantitative PCR was performed on QuantStudio 7 flex System (ThermoFisher Scientific) with SYBR Green (Life Technologies) and TaqMan Universal PCR Master Mix (Applied Biosystems). GAPDH was used as a housekeeping control gene (human GAPDH endogenous control, ThermoFisher Scientific). The reaction was performed in duplicate and relative amounts of mRNA transcripts were corrected for the purity of the sample for IgM+ cells and calculated by the comparative ΔCt method using the formula: relative expression=2^ΔCt^/ α, where α is the sample\'s IgM+ cell purity after magnetic sorting. sIgM was measured before magnetic sorting by flow cytometry to correlate mRNA to protein levels.

MYD88-CD79A/B sequencing and IGHV mutation status
-------------------------------------------------

Genomic DNA obtained from WM mononuclear cells was sequenced for the entire coding region of MYD88, CD79A and CD79B in the context of deep targeted sequencing of 374 genes recurrently mutated in cancer (FoundationOne Heme). The presence of MYD88 L265P was also verified with an allele-specific polymerase chain reaction, as previously described.^[@bib29]^ IGHV mutation analysis was performed using a combination of PCR/fragment analysis to detect the clonal IGHV rearrangement followed by sequence analysis to determine the IGHV mutation frequency (Cancer Genetics, Inc).

Statistical analysis
--------------------

Statistical analyses were performed using Prism 6.0 software (La Jolla, CA, USA). We applied two-tailed Mann--Whitney test and ordinary analysis of variance test for non-paired multiple comparisons, whereas for paired samples we applied Wilcoxon test and repeated-measures analysis of variance with Tukey\'s multiple comparison. Correlations were assessed with Pearson or Spearman tests. Association with stable or progressive disease was assessed with *X*^2^ test and time to second line treatment differences were assessed with log-rank test. Sample size for basal and anti-IgM induced phosphorylation studies was based on previous phosphoflow studies on aberrant BCR signaling.^[@bib27]^ Statistical significance was defined as *P*\<0.05. Figures represent means ±s.e.m. values. All statistical tests are mentioned in detail in Figure legends.

Results
=======

WM cells exhibit constitutive activation of BCR-related signaling elements
--------------------------------------------------------------------------

We first examined primary WM cells in the absence of exogenous stimuli and assessed basal phosphorylation levels for the following signaling molecules: SFK, SYK, BTK, BLNK, PLCγ2, ERK, NF-κB and AKT. WM cells exhibited at variable degrees, significantly higher levels of constitutive phosphorylation for all eight signaling proteins compared with normal peripheral blood B-cells ([Figure 1a](#fig1){ref-type="fig"}). Higher levels of basal phosphorylation were also observed compared with HD bone marrow CD20+CD10- mature B-cells and CD138+ plasma cells ([Supplementary Figure 2A](#sup1){ref-type="supplementary-material"}). Total protein levels did not differ between WM and normal B-cells, yet showed higher expression variability. BTK in particular showed a lower expression trend in WM cells, which nevertheless did not reach statistical significance ([Supplementary Figure 2B](#sup1){ref-type="supplementary-material"}). We next sought to validate the presence of constitutive *in vivo* BCR activation in fixed tissues. Immunohistochemical staining confirmed the presence of high levels of phosphorylated SYK in clonal infiltrates found in WM bone marrow biopsy sections ([Figure 1b](#fig1){ref-type="fig"}). Utilizing pPLCγ2 as the main read-out, due to its central localization within the pathway, we observed that basal phosphorylation in WM cells was attenuated on 60 min of proximal kinase preinhibition, utilizing inhibitors for SFK (dasatinib), SYK (tamatinib) and BTK (ibrutinib; [Figure 1c](#fig1){ref-type="fig"}, [Supplementary Figure 3A](#sup1){ref-type="supplementary-material"}). In addition, we evaluated the *in vivo* effects of Ibrutinib treatment on basal BCR signaling in matched samples obtained before ibrutinib and after 6 months of daily ibrutinib therapy, from eight patients enrolled in the clinical trial NCT01614821 and observed a decline in constitutive pPLCγ2 ([Figure 1d](#fig1){ref-type="fig"}, [Supplementary Figure 3b](#sup1){ref-type="supplementary-material"}). One patient (WM7) showed no attenuation in BCR signaling and this patient was the only one with a significant expansion of clonal cells on treatment, despite a drop in serum IgM and amelioration of clinical symptomatology. Although *in vitro* and *in vivo* inhibition appear as minimal numerically, basal phosphorylation values in primary unfixed cells are expectedly low and as a result phosphorylation inhibition appears as 'incomplete\', given the remaining background. To prove the functional significance of constitutive signaling in WM cells we evaluated the consequences of 24 h proximal kinase inhibition in primary WM samples and observed significantly decreased viability, with dasatinib showing the highest efficacy ([Figure 1e](#fig1){ref-type="fig"}, [Supplementary Figure 3C](#sup1){ref-type="supplementary-material"}).

BCR crosslinking elicits augmented phosphoresponses in WM cells
---------------------------------------------------------------

The presence of basal BCR signaling activation, which was essential for WM cell survival, served as first evidence of potentiated signaling *in vivo*. However, since all the signaling proteins that were interrogated constitute members of other signaling pathways, including TLR/MYD88 and CXCR4, we sought to directly examine the capacity of WM cells to signal through the BCR pathway, utilizing well established *ex vivo* BCR stimulation assays. Normal and malignant B cells were therefore stimulated by sIgM crosslinking with 10 μg/ml soluble polyclonal anti-μ specific F(ab′)~2~ fragments for 4 min. As previously documented, sIgM crosslinking in normal B-cells elicits minimal to moderate phosphoresponses, in the absence of concomitant phosphatase inhibition.^[@bib6],\ [@bib28]^ In contrast, sIgM crosslinking of WM cells showed significantly augmented BCR signaling capacity through SFK, SYK, BLNK, PLCγ2 and ERK ([Figure 2a](#fig2){ref-type="fig"}). WM cells exhibited similarly hightened phosphoresponses compared with mature B-cells and plasma cells ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Interestingly, except in a few patients, BTK, NF-κB and AKT were not highly activatable from their already high basal state, despite being parts of canonical BCR signaling. As PLCγ2 had the highest phosphorylation fold change, we tested if TLR stimulation had similar effects on PLCγ2 activation considering that both the BCR and TLR pathway share proximal signaling nodes. Nevertheless, TLR stimulation failed to activate PLCγ2 and did not exhibit any synergy on concomittant BCR stimulation ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}).

Besides the high-signaling amplitude observed with a high dose of anti-IgM, dose-response experiments, showed that WM cells, exhibited lower EC~50~ values than HD B-cells (EC~50-HD~: 7.23±1.22 μg/ml, EC~50-WM~: 3.63±2.39 μg/ml; [Figure 2b](#fig2){ref-type="fig"}), suggesting the presence of a receptor which is more sensitive to exogenous stimuli. Moreover, the high deviation in sensitivity among WM samples could be an effect of differential expression of sIgM. Furthermore, beyond the time point of 4 min, WM PLCγ2 showed distinct phosphorylation kinetics characterized by prolonged hyperactivation, reaching a maximum within 20 min post-stimulation, while significant levels of phosphorylation were detectable even 120 min post-stimulation ([Figure 2c](#fig2){ref-type="fig"}). SYK and BLNK displayed similar phosphorylation kinetics to PLCγ2. BTK, AKT and NF-κB showed minimal fold changes in phosphorylation from baseline during the course of 120 min, yet BTK signal was maintained longer in WM cells compared with normal B cells ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). Overall, this ongoing signaling propagation is suggestive of active positive feedback mechanisms or defective negative feedback at the level of proximal kinases. *In vitro* inhibition before anti-IgM stimulation attenuated the signaling potential of WM cells. Treatment with dasatinib, tamatinib and ibrutinib showed an escalating potency, with dasatinib resulting in complete signal inhibition while ibrutinib showed only partial inhibition of PLCγ2 activation. ([Figure 2d](#fig2){ref-type="fig"}, [Supplementary Figure 7A](#sup1){ref-type="supplementary-material"}). In WM cases with significant tumor burden we evaluated the inhibitory potential to anti-IgM stimulation of all three inhibitors in doses spanning from 0.1 to 100 μ[M]{.smallcaps}, and observed that SFK blockade is the most potent one even at the lowest inhibitor concentration ([Supplementary Figure 7B](#sup1){ref-type="supplementary-material"}). Thus, optimal inhibition in the presence of a cross-linked receptor can only be performed at the most proximal kinase level. In agreement with these findings, anti-IgM stimulated WM cells of patients on active ibrutinib therapy showed a moderate, yet not complete, inhibition in their phosphoresponses compared with their pre-treatment phospho-response baseline ([Figure 2e](#fig2){ref-type="fig"}, [Supplementary Figure 7C](#sup1){ref-type="supplementary-material"}). Patient WM7 who failed to show a decrease in basal pPLCγ2 and exhibited a clonal expansion while on ibrutinib, exhibited an enhanced phospho-response on anti-IgM stimulation. Moreover, malignant cell phosphoresponses showed a strong correlation with changes observed in bone marrow tumor involvement for those patients on ibrutinib, thereby providing a link between the attenuation of BCR signaling potential and the *in vivo* tumoricidal effects elicited by BTK inhibition ([Figure 2f](#fig2){ref-type="fig"}). The CXCR4 status of these patients showed no correlation with the inhibitory capacity of *in vivo* ibrutinib on their BCR phosphoresponses.

WM cells express high levels of sIgM and show loss of phosphatase activity
--------------------------------------------------------------------------

Given that WM cells have strong BCR phosphosignatures, in the absence of recurrent BCR signaling mutations, we next examined the expression levels of the BCR in WM cells. We observed that WM cells expressed significantly higher levels of sIgM with a prominent narrow distribution versus IgM+ normal B-cells, which as expected constituted the majority of circulating HD B-cells ([Figure 3a](#fig3){ref-type="fig"}). Of note the sizes of WM and HD B-cells were relatively similar (according to forward scatter measurements as reported in [Figure 3a](#fig3){ref-type="fig"}), showing that the surface density of sIgM was higher in WM versus HD B-cells. WM cells also expressed higher sIgM compared with mature marrow B-cells and plasma cells ([Supplementary Figure 8A](#sup1){ref-type="supplementary-material"}). In addition to the protein levels of sIgM, we quantified the levels of the membrane specific transcript of μ chain. Interestingly we observed no difference in μ-chain mRNA between HD B-cells and WM cells; and no protein--mRNA correlation among WM samples ([Figure 3b](#fig3){ref-type="fig"}, [Supplementary Figure 8B](#sup1){ref-type="supplementary-material"}), suggesting that posttranslational modifications result in high sIgM expression in WM cells.

Besides the increased receptor density, an alternative mechanism of hyperstimulation could be the loss of regulation by phosphatases. We therefore developed a method for the quantification of phosphatase input on signaling, by assessing the net benefit in signaling magnitude after the chemical inactivation of all phosphatases. sIgM crosslinking in the presence of low doses of H~2~O~2~, a potent pan-phosphatase inhibitor, is proven to dramatically enhance the capacity of B-cells to signal through the BCR pathway.^[@bib6]^ As shown in a representative sample in [Supplementary Figure 8C](#sup1){ref-type="supplementary-material"} HD B-cells tend to show minimal responses on BCR stimulation while BCR stimulation with concomitant phosphatase inhibition drastically increases their responsiveness. This suggests that physiological BCR signaling is under robust phosphatase regulation. WM cells on the other hand are more responsive to BCR stimulation alone and although concomitant phosphatase inhibition renders them more responsive, the net benefit from this inhibition is lower compared with HD B-cells, given that the signal is not maximized at a dose of 3.3 μM of H~2~O~2~ (maximization occurs at H~2~O~2~ doses \>33 μ[M]{.smallcaps}, [Supplementary Figure 8D](#sup1){ref-type="supplementary-material"}). Interestingly WM cells lag in terms of responsiveness even at very high doses of H~2~O~2~. Therefore, considering that the net BCR signaling benefit occurring with the addition of H~2~O~2~ provided an indirect measurement of phosphatase activity, we scored the net effect of phosphatases on hyper-stimulatable proteins as the difference PTP~X~=pX(arcsinh fold change)~aIgM+H2O2~---pX(arcsinh fold change)~aIgM~, where pX is any phosphoprotein. These studies revealed a significant loss of phosphatase regulation on SFK, BLNK, PLCγ2 and ERK, offering an additional explanation for augmented BCR signaling in WM ([Figure 3c](#fig3){ref-type="fig"}). It is known that BCR signaling is regulated by CD45, a transmembrane protein with cytoplasmic tyrosine phosphatase activity, and CD22, a transmembrane lectin interacting with intracellular phosphatases, primarily SHP-1 and SHIP-1. In support of our signaling findings, WM cells showed a downregulation of CD22 and SHP-1 expression while no difference was observed in CD45 and SHIP-1 expression ([Figure 3e](#fig3){ref-type="fig"}).

Intra-WM signaling heterogeneity correlates with distinct clinical outcomes and differential BCR expression
-----------------------------------------------------------------------------------------------------------

As shown in [Figure 2a](#fig2){ref-type="fig"}, considerable variability in BCR signaling was observed in WM patients versus normal B-cells. We therefore quantified this variability by computing the variance of the median phosphoresponses across our set of patients and healthy individuals ([Figure 4a](#fig4){ref-type="fig"}). We found that the elevated diversity among WM patients was centered on canonical BCR signaling elements: pSFK, pSYK, pBLNK, pPLCγ2, pERK and pAKT. Furthermore, we tested whether intrapatient heterogeneity preserved the structure of the BCR signaling pathway. Explicitly, we conjectured that patients with higher median pSFK would also have higher levels of pSYK, pPLCγ2 and so on. We tested this hypothesis by analyzing the spearman correlation between median phosho-responses among WM patients and HDs. Qualitatively, [Figure 4b](#fig4){ref-type="fig"} shows that the set of WM phosphoresponse correlations did not align with those from the HD set. Notably the correlation between pBLNK and pERK, pSFK, pSYK or pPLCg2 was from negative or null among HDs and positive among patients. This difference in the correlations suggests that distinct BCR signaling properties are present in WM patients versus HDs.

We next investigated whether the diversity in WM patients contained patient groups with unique signaling properties. We tested this hypothesis by using agglomerative clustering (Ward\'s method) of the median arcsinh phosphorylation of proteins with the highest intra-WM variance on anti-IgM stimulation ([Figure 4c](#fig4){ref-type="fig"}). Ward\'s method of agglomerative clustering extended our intuition by merging groups of patients whose variance in their median phosphoresponse to anti-IgM is minimized ([Figures 4a and b](#fig4){ref-type="fig"}). Through this clustering analysis we identified three unique clusters denoted as A, B and C. Clusters A and B were comprised of a group of patients with high phosphoprofiles (high-profile group), whereas cluster C showed phosphoprofiles indistinguishable from healthy individuals (healthy-like-profile group; [Figure 4c](#fig4){ref-type="fig"}). Importantly those patients with high phosphoprofiles were characterized as experiencing ongoing disease progression at the time of WM cell collection while those with healthy-like phosphoprofiles were more likely to be in a stable disease state ([Figure 4d](#fig4){ref-type="fig"}). In addition, the healthy-like group of patients exhibited delayed time to second line treatment, as assessed retrospectively from diagnosis to the date of sample collection ([Figure 4e](#fig4){ref-type="fig"}). When analyzed separately, clusters A and B of the high phosphoprofile group had no differences in terms of clinical outcome. Between the two WM groups, sIgM expression was found to be significantly higher in the 'high\' phosphoprofile group while no difference was observed in phosphatase activity ([Figure 4f and g](#fig4){ref-type="fig"}). Moreover, no difference was observed between the two signaling groups in regards to their MYD88 mutation status as all patients screened were MYD88 L265P positive, or their CD79A/B mutation status, with only one patient in the high group carrying a CD79B Y196C mutation. Of note, this patient was characterized by aggressive clinical course and WM cells were derived from a lymphomatous pleural effusion. Finally, no difference was observed between the two groups in terms of their IGHV mutation status ([Supplementary Figure 9](#sup1){ref-type="supplementary-material"}).

Discussion
==========

WM is a lymphoid neoplasm with low occurrence of BCR-signaling-associated mutations. We report here our finding of high basal phosphorylation of multiple BCR-related proteins using phosphoflow cytometry and immunohistochemistry thereby providing evidence of *in vivo* BCR stimulation in WM. Constitutive BCR signaling appears to be sensitive to *in vitro* and *in vivo* proximal kinase inhibition, in support of the application of BCR inhibitors for the treatment of WM. In previous studies, constitutive activation of distal signaling proteins, including NF-κB, ERK and AKT, have been attributed to the MYD88 L265P and CXCR4-WHIM-like mutations, while at the proximal level, BTK activation has been shown to interact with the mutated MYDosome of WM cells.^[@bib15],\ [@bib23],\ [@bib30]^ The latter supported the therapeutic rationale of targeting BTK with ibrutinib in WM patients. Recently, fostamatinib, the precursor molecule of tamatinib, was shown to have *in vitro* tumoricidal activity against WM cells.^[@bib22]^ However, none of the above-mentioned proteins are solely driven by the BCR. For instance, TLR/MYD88 activation in human B-cells, besides its canonical axis, has been shown to activate through the adapter DOCK8, an alternative SFK-SYK route, which further enhances B-cell activation.^[@bib31]^

To comprehend the net contribution of the BCR in basal protein activation, we interrogated the *ex vivo* capacity of clonal cells to respond to anti-IgM stimulation. Under that prism WM cells appeared hyperresponsive through SFK, SYK, BLNK, PLCγ2 and ERK compared with normal B-cells, while BTK was the only signalosome component that did not follow this hyperactivated cascade. Furthermore, the hyperactivation of distal molecules like PLCγ2 and ERK, independently of BTK, suggests a redundant role of BTK in the propagation of BCR-driven signals. In favor of that scenario, the *in vitro* preinhibition of BTK with ibrutinib showed only partial inhibition of PLCγ2 activation on anti-IgM stimulation, as opposed to the strong inhibition imposed by dasatinib and tamatinib. Furthermore, although ibrutinib is an irreversible inhibitor of BTK, samples from patients actively treated with ibrutinib, showed only a partial abrogation of *ex vivo* activated PLCγ2. Indeed, although BTK directly activates PLCγ2, it is known that SYK can also indirectly activate PLCγ2, by phosphorylating BLNK.^[@bib32],\ [@bib33],\ [@bib34]^ Our findings may explain why, while WM patients show very good clinical responses to ibrutinib, they did not achieve complete responses, maintaining significant amounts of clonal cells in their marrows post-treatment ([Table 2](#tbl2){ref-type="table"}, [Figure 2f](#fig2){ref-type="fig"}).^[@bib24]^ A clinical consequence of our findings would be to examine SFK and SYK as additional targets for the treatment of WM, especially in conjunction with inhibitors of the TLR axis. Moreover, the full elucidation of cross-talk between BCR and TLR signaling is still a subject to be explored. In our study LPS stimulation failed to generate detectable PLCγ2 phosphorylation, therefore it would be interesting to study the BCR-driven activation of molecules such as TRAF6 and TAK1 which are shown to be activated by MYD88 L265P.^[@bib35]^

*Ex vivo* sIgM crosslinking, in the absence of phosphatase inhibition by H~2~O~2~, generated minimal phosphoresponses in healthy B cells.^[@bib6]^ The fact that WM cells respond with high amplitude, sensitivity and in a prolonged fashion suggested the presence of increased input by positive and/or decreased input by negative signaling regulators. In accordance with this potentiated signaling phenotype, we found that WM cells express higher levels of sIgM compared with IgM+ normal B-cells. Aberrant receptor expression has been previously described in multiple lymphoid neoplasms as a mechanism of signaling enhancement, particularly for multiple cytokine receptor pathways.^[@bib36],\ [@bib37]^ Increased BCR expression has been previously described in activated B-cell-like diffuse large B-cell lymphoma cell lines as a consequence of CD79A and CD79B immunoreceptor tyrosine-based activation mutations, which result in decreased internalization of sIgM.^[@bib10]^ Although it is not clear if high sIgM in WM is an epiphenomenon of increased expression or loss of internalization, considering the relatively low frequency of BCR-related mutations in WM, these findings demonstrate that increased pathway activity can arise in the absence of signaling-associated genetic alterations. The absence of correlating high-surface μ-chain mRNA suggests the existence of posttranslational modifications leading to aberrant protein expression, such as N-glycosylation, which has been reported in CLL and follicular lymphoma.^[@bib38],\ [@bib39]^ Simultaneously, WM cells exhibit significant loss of phosphatase activity, as shown by decreased signaling maximization, when stimulated through the BCR in the presence of H~2~O~2~, a phenomenon which could be partially attributed to the decreased expression of inhibitory molecules CD22 and SHP-1. This is compatible with the current models of lymphomagenesis, since phosphatase loss has been documented to occur in multiple lymphoid neoplasms secondary to genetic or epigenetic alterations, leading to dysregulated intracellular signaling.^[@bib40],\ [@bib41]^ Moreover, it is noteworthy that increased BCR responsiveness, with minimal H~2~O~2~ signaling enhancement compared with normal germinal center IgM+ cells, and concomittant downregulation of CD22 and SHP-1, with normal SHIP-1 expression, have been recently shown in IgM+ follicular lymphoma cells.^[@bib42]^ Although the sequence of the above-mentioned events is not clear yet, sIgM upregulation and phosphatase loss could both shape the hyperactive BCR network we described.

Like all indolent B-cell non-Hodgkin\'s lymphoma, WM is characterized by high heterogeneity in terms of clinical presentation.^[@bib43]^ However, limited biological parameters have been associated so far with the aggressiveness of the disease, mostly due to the fact that pre-clinical studies have been based on WM cell lines and not primary samples from larger patient pools. To approach intra-WM heterogeneity we generated BCR phosphosignatures comprised of the highly variable phosphoresponses that patients demonstrated for pSFK, pSYK, pBLNK, pPLCγ2, pERK and pAKT. Agglomerative clustering analysis partitioned our cohort into a 'high\' and a 'healthy-like\' signaling profile, with the latter being linked to a significantly more indolent clinical phenotype. This could suggest that BCR signaling is highly utilized in more aggressive disease subtypes, while it remains well controlled in slowly progressing subtypes. Interestingly, higher sIgM expression correlated with the 'high\' signaling group, while phosphatase activity was similarly low between the two groups, showing that phosphatase loss is not sufficient to fully potentiate signaling, and that the main driver of BCR hyperactivation is the receptor. Moreover, the fact that the 'healthy-like\' group presents a similar signaling capacity with healthy B cells, despite higher BCR expression and lower phosphatase activity, suggests that WM cells in indolent subtypes, may have anergic features, a phenomenon previously described in the mutated-subtype of CLL, which is less aggressive, compared with the unmutated-subtype, which is fully responsive on BCR stimulation.^[@bib44]^

Our findings demonstrate the occurrence of chronic active signaling in WM. From a mechanistic perspective, it is still unclear if high BCR utilization is antigen-dependent or independent. No evidence exists to-date regarding potential antigen candidates in WM, contrary to CLL and marginal zone lymphoma subtypes.^[@bib45],\ [@bib46],\ [@bib47]^ One could envision that structural features of the BCR, like N-glycosylation or specific CDR3 amino acid sequences, as in follicular lymphoma and CLL, could favor BCR aggregation and autonomous signaling.^[@bib13],\ [@bib38],\ [@bib39]^ Finally, from a therapeutic perspective, it is clear that there is a need for optimization in BCR-directed therapies in WM, especially in patients with a more aggressive disease, who seem highly dependent on BCR signaling.

We would like to thank Dr Katya Manova, Dmitry Yarilin and Mesruh Turkekul from the Molecular Cytology Core Facility at Memorial Sloan Kettering Cancer Center for the help with immunohistochemistry studies. This work was supported by The Lymphoma Foundation and NIH U54 CA148967 fund. KVA is supported by a SASS Medical Foundation Post-Doctoral Research Fellowship.

**Author contributions**

KVA, RV, GAB, ZRH, SPT, MRMvdB and MLP were responsible for the conception and design of the study. KVA, EV and MC performed the experiments. AD, MP, CM and KK were involved in the acquisition of patient material. KVA, RV, CZ, GAB, AD, MRMvdB and MLP were involved in the analysis and interpretation of data, RV and CZ were involved in the computational analysis of data, KVA, RV, GAB, ZRH, SPT, MRMvdB and MLP wrote the manuscript.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on the *Leukemia* website (http://www.nature.com/leu)

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![WM cells exhibit constitutive activation of the BCR pathway. (**a**) Differences in basal levels of phosphorylation between HD B cells (black) and WM cells (red) expressed in arcsinh scale (HD *n*=9, WM *n*=23, \*\*\*\**P*\<0.0001, \*\*\**P*\<0.001, \*\**P*\<0.01, \**P*\<0.05, Mann--Whitney test). (**b**) representative WM bone marrow sections stained for pSYK (Immunohistochemistry-tyramide signal amplification technology, × 40). (**c**) Inihbition of basal levels of pPLCγ2, assessed 60 min after *in vitro* preinhibition with Dasatinib (10 μ[M]{.smallcaps}), Tamatinib (10 μ[M]{.smallcaps}) and Ibrutinib (10 μ[M]{.smallcaps}), illustrated as a ratio from dimethyl sulfoxide (DMSO) treated matched control samples (WM *n*=5, Repeated measures analysis of variance (ANOVA) with Tukey\'s multiple comparison test, \^\^*P*\<0.01, \^\^\^*P*\<0.001, \^ represents significant difference from DMSO matched control). (**d**) Inhibition of basal levels of pPLCγ2 at 6 months of continuous ibrutinb treatment in eight WM patients, as a ratio from pre-ibrutinib phosphorylation levels (WM *n*=8, Wilcoxon test, \**P*\<0.05, \* represents significant difference from pre-ibrutinib treatment matched samples). (**e**) Viability of WM mononuclear cells assessed after 24 h of treatment with Dasatinib (1 μ[M]{.smallcaps}), Tamatinib (1 μ[M]{.smallcaps}) and Ibrutinib (1 μ[M]{.smallcaps}). Viability is normalized to DMSO treated control. (WM *n*=8, Repeated measures ANOVA with Tukey\'s multiple comparison test, \^*P*\<0.05, \^\^*P*\<0.01, \^ represents significant difference from DMSO matched controls, \**P*\<0.05, \* represents significant difference in matched samples among different inhibitors).](leu20168f1){#fig1}

![BCR crosslinking elicits augmented phosphoresponses in WM cells. (**a**) anti-IgM induced fold change in phosphorylation in HD B-cells (black) and WM cells (red) expressed in the arcsinh scale (HD *n*=9, WM *n*=23, \*\*\**P*\<0.001, \*\**P*\<0.01, \**P*\<0.05, Mann--Whitney test). (**b**) Dose response of anti-IgM induced fold change in pPLCγ2 in HD (black) and WM (red) cells and EC~50~ values of all individuals (HD *n*=4, WM *n*=5, \**P*\<0.05, Mann--Whitney test). (**c**) Kinetics of anti-IgM induced fold change in pPLCγ2 in HD (black) and WM (red) cells. At 0, fold change is 0 by definition. (HD *n*=4, WM *n*=6, \*\**P*\<0.01, \**P*\<0.05, Mann--Whitney test). (**d**) Inhibition of anti-IgM induced pPLCγ2. Stimulation was performed for 4 min after a 60 min *in vitro* preinhibition with Dasatinib (10 μ[M]{.smallcaps}), Tamatinib (10 μ[M]{.smallcaps}) and Ibrutinib (10 μ[M]{.smallcaps}). Here illustrated as a ratio from dimethyl sulfoxide (DMSO) treated matched control samples (WM *n*=5, repeated measures analysis of variance (ANOVA) with Tukey\'s multiple comparison test, \^*P*\<0.05, \^\^\^\^*P*\<0.0001, \^ represents significant difference from DMSO matched control, \**P*\<0.05, \*\**P*\<0.01, \* represents significant difference in matched samples among different inhibitors). (**e**) Inhibition of anti-IgM induced pPLCγ2 at 6 months of continuous ibrutinb treatment, as a ratio from pre-ibrutinib matched anti-IgM induced pPLCγ2 levels (WM *n*=8, Wilcoxon test). (**f**) correlation between anti-IgM induced pPLCγ2 ratio and percentage change in intratrabecular (IT) space clonal infiltration post-ibrutinib treatment (Pearson test).](leu20168f2){#fig2}

![WM cells express higher levels of the receptor and show loss of phosphatase activity compared with HD cells. (**a**) sIgM overlayed cluster plots (left) for HD IgM+ B-cells (black) and WM (red) cells and bar graphs for all tested individuals (HD *n*=4, WM *n*=11, \*\**P*\<0.01, Mann--Whitney test). (**b**) Surface μ-chain mRNA level relative expression in IgM+ HD (*n*=4) B-cells and WM (*n*=8) cells. Human GAPDH was used as an endogenous control (Mann--Whitney test). (**c**) Phosphatase score for HD B-cells (black) and WM cells (red) PTP~X~=pX (arcsinh fold change)~aIgM+H2O2~---pX(arcsinh fold change)~aIgM~, where pX is any phosphoprotein (HD *n*=9, WM *n*=23, \*\*\*\**P*\<0.0001, \*\*\**P*\<0.001, \*\**P*\<0.01, Mann--Whitney test). (**d**) Surface CD45 median fluorescence intensity (MFI) and surface CD22 MFI in HD (*n*=4) B-cells and WM (*n*=11) cells. Intracellular SHP-1 and intracellular SHIP-1 MFI in HD (*n*=4) B-cells and WM (*n*=6) cells. MFI is normalized to an FMO (fluorescence minus one) control.](leu20168f3){#fig3}

![Intra-WM signaling heterogeneity is driven by differential BCR expression and correlates with distinct clinical outcomes. (**a**) Intra-WM anti-IgM-induced phophoprotein variance (HD, black; WM, red). (**b**) Inter-phosphoprotein Spearman correlation network analysis (positive correlations, red; negative correlations, blue). (**c**) Agglomerative clustering analysis for 23 patients interrogated for all six phosphoproteins on IgM crosslinking. (**d**) Patient status on sample collection (*χ*^2^ test *P*\<0.0001). (**e**) Time to second line treatment from diagnosis date to sample collection date (log-rank survival analysis). (**f**) sIgM levels among groups (HD *n*=4, WM~high~ *n*=6, WM~healthy-like~ *n*=5, \*\**P*\<0.01, analysis of variance (ANOVA) test). (**g**) Phosphatase score for pPLCγ2 among groups (HD *n*=9, WM~high~ *n*=13, WM~healthy-like~ *n*=10, ANOVA test).](leu20168f4){#fig4}

###### Patient characteristics

         *Sex*   *Light chain*   *Sample tissue*   *Prior-MGUS*   *Status on sample date*
  ------ ------- --------------- ----------------- -------------- ------------------------------
  WM2    F       κ               LN                Y              Progressive disease
  WM3    M       κ               BM                N              Progressive disease
  WM4    F       κ               BM                N              Progressive disease
  WM5    F       κ               BM                N              Progressive disease
  WM6    M       κ               BM                N              Progressive disease
  WM7    M       λ               BM                N              Progressive disease
  WM9    F       κ               BM                Y              Stable disease---observation
  WM10   M       κ               BM                N              Progressive disease
  WM11   M       κ               BM                N              Progressive disease
  WM12   M       λ               BM                N              Progressive disease
  WM13   M       κ               BM                N              Stable disease---observation
  WM14   F       κ               BM                N              Progressive disease
  WM15   M       κ               BM                Y              Stable disease---observation
  WM18   M       λ               BM                N              Progressive disease
  WM19   F       κ               BM                N              Progressive disease
  WM22   F       κ               BM                N              Stable disease---observation
  WM23   F       κ               BM                N              Progressive disease
  WM24   M       κ               BM                N              Stable disease---observation
  WM25   F       κ               BM                N              Progressive disease
  WM26   M       κ               BM                N              Stable disease---observation
  WM27   F       κ               PF                N              Progressive disease
  WM28   F       κ               BM                N              Stable disease---observation
  WM29   F       κ               BM                N              Progressive disease
  WM31   M       κ               BM                N              Stable disease---observation
  WM34   M       κ               BM                N              Stable disease---observation
  WM35   M       λ               BM                N              Progressive disease
  WM36   M       κ               BM                N              Stable disease---observation
  WM40   M       κ               BM                N              Stable disease---observation
  WM41   F       λ               BM                N              Stable disease---observation
  WM44   M       κ               BM                N              Progressive disease
  WM50   M       κ               PB                N              Progressive disease
  WM51   M       κ               BM                N              Progressive disease

Abbreviations: BM, bone marrow; F, female; LN, lymph node; M, male; MGUS, monoclonal gammopathy of undetermined significance; N, no; PB, peripheral blood; PF, pleural fluid; Y, yes.

###### Characteristics of eight WM patients on active ibrutinib treatment

  *Patient code*   *Response*    *Change in serum IgM (%)*   *Change in IT clonal infiltration (%)*  *MYD88 status*   *CXCR4 status*
  ---------------- ------------ --------------------------- ---------------------------------------- ---------------- ----------------
  WM2              VGPR                     −89                               −40                    MUT              WT
  WM3              PR                       −62                               −100                   MUT              MUT
  WM5              PR                       −81                               −61                    MUT              WT
  WM6              PR                       −55                               −71                    MUT              MUT
  WM7              PR                       −63                               125                    MUT              MUT
  WM10             PR                       −71                              −12.50                  MUT              WT
  WM12             PD                       77                                 14                    MUT              WT
  WM13             SD                       −19                               −45                    MUT              MUT

Abbreviations: IgM, immunoglobulin; IT, intratrabecular; MUT, mutated; PR, partial response; SD, stable disease; VGPR, very good partial response; WM, Waldenström\'s macroglobulinemia; WT, wild type.
